Helicase/nucleoside triphosphatase (NTPase) motifs have been identified in many RNA virus genomes. Similarly, all the members of the Flaviviridae family contain conserved helicase/NTPase motifs in their homologous NS3 proteins. Although this suggests that this activity plays a critical role in the viral life cycle, the precise role of the helicase/NTPase in virus replication or whether it is essential for virus replication is still unknown. To determine the role of the NS3 helicase/NTPase in the viral life cycle, deletion and point mutations in the helicase/NTPase motifs of the bovine viral diarrhea virus (BVDV) (NADL strain) NS3 protein designed to abolish either helicase activity alone (motif II, DEYH to DEYA) or both NTPase and helicase activity (motif I, GKT to GAT and deletion of motif VI) were generated. The C-terminal domain of NS3 (BVDV amino acids 1854 to 2362) of these mutants and wild type was expressed in bacteria, purified, and assayed for RNA helicase and ATPase activity. These mutations behaved as predicted with respect to RNA helicase and NTPase activities in vitro. When engineered back into an infectious cDNA for BVDV (NADL strain), point mutations in either the GKT or DEYH motif or deletion of motif VI yielded RNA transcripts that no longer produced infectious virus upon transfection of EBTr cells. Further analysis indicated that these mutants did not synthesize minus-strand RNA. These findings represent the first report unequivocably demonstrating that helicase activity is essential for minus-strand synthesis.
The Flaviviridae family is comprised of three genera, Flavivirus (such as Yellow fever virus and Dengue virus types 1 to 4), Hepacivirus (such as Hepatitis C virus [HCV] ), and Pestivirus (such as Bovine viral diarrhea virus [BVDV] ) (28) . BVDV infection represents an economically important disease of cattle, and BVDV has been identified as the causative agent of viral diarrhea-mucosal disease (reviewed in references 1, 12, 25, and 37) . Like the other members of the Flaviviridae, BVDV is an enveloped, plus-stranded RNA virus whose genome consists of a nonsegmented single-stranded RNA molecule. BVDV genomic RNA is approximately 12.5 kb and encodes a single open reading frame of approximately 3,900 amino acids (7) (8) (9) 24) . The polyprotein translated from the open reading frame is subsequently processed by virally encoded and cellular proteases into 12 individual proteins (13, 30, 31, 35, 44) . These individual proteins function either as structural components of the virion or presumably, at least in part, as components of the viral RNA replicase complex as described for other Flaviviridae family members (2, 6, 17) . RNA replicons derived from defective interfering particles have shown that the 5Ј and 3Ј nontranslated regions (NTRs) along with the nonstructural proteins NS3, NS4A, NS4B, NS5A, and NS5B can support RNA replication (4, 45) . However, the essentiality of the individual nonstructural proteins has not yet been tested.
The NS5B proteins of both BVDV (46) and the related HCV (3, 23) display RNA-dependent RNA polymerase (RdRp) activities. In addition to the RdRp, the NS3 proteins of several other members of the Flaviviridae family have been shown to possess nucleoside triphosphatase (NTPase) activity (10, 18-20, 32-34, 40, 42, 43) . The BVDV NS3 protein (p80) has been shown previously to encode both NTPase (32, 34) and RNA helicase activities (41) . These activities localize to the carboxy terminus of NS3, which contains canonical amino acid motifs present in all superfamily II RNA helicases (14, 16) .
Although many plus-strand RNA viruses encode proteins either postulated or demonstrated to have RNA helicase activity (reviewed in reference 16 ), the precise function of these helicases in viral RNA replication remains unclear. Possibly, the RNA helicase could act during the initiation of minusstrand template synthesis by unwinding the secondary structures, such as those present in the 3Ј NTR of the viral genomic RNA (11, 45) , thus allowing initiation by the RdRp. The RNA helicase could also unwind secondary structures within the genomic RNA, facilitating RdRp processivity during both minus-and plus-strand synthesis. Alternatively, the RNA helicase could aid in the release of nascent genomic plus strands from the minus-strand template, thereby allowing their packaging into the progeny virions. Finally, the RNA helicase could somehow assist in the formation of progeny virions by unwinding, and thus exposing, key RNA elements necessary for recognition by the viral RNA packaging complex.
To begin to address the biological role of the NS3 NTPase/ RNA helicase activity in the BVDV life cycle, we cloned and expressed the C terminus of BVDV NS3 in bacteria. This protein contains both RNA helicase and NTPase activity. We then made a series of mutations in the conserved helicase motifs designed to eliminate either the helicase activity alone or the NTPase/RNA helicase activities. These mutant proteins were expressed, purified, and assayed for ATPase and RNA helicase activities. These same mutations were then individu-ally transferred back into the full-length genomic cDNA clone of a cytopathic BVDV strain (NADL strain) that yields infectious RNA transcripts (38) , and their effects upon virus production were examined.
MATERIALS AND METHODS
Cells and viruses. BVDV-free MDBK cells (CCL 22) and EBTr (embryonic bovine tracheal) cells (CCL-44) were obtained from the American Type Culture Collection and propagated in Dulbecco's modified minimal essential medium supplemented with penicillin (500 U/ml), streptomycin (500 U/ml), and 10% horse serum. Cells were maintained in a humidified incubator at 37°C with 5% CO 2 .
BVDV (NADL strain) was obtained from the American Type Culture Collection, plaque purified, and amplified in MDBK cells. For infections, virus inoculum was added in complete medium and adsorbed for 1 h at 37°C, and the inoculum was removed and replaced with fresh medium. Cultures were then incubated at 37°C for 48 h or until cytopathic effects (CPE) were observed. Virus stocks were prepared by freeze-thawing the infected cells and culture supernatant three times followed by centrifugation at 1,000 ϫ g for 5 min. Stock titers were determined, and stocks were aliquoted and stored at Ϫ80°C.
BVDV plaque assays. MDBK cells were seeded into six-well plates at a density of 2.5 ϫ 10 5 cells per well. Twenty-four hours later, the cells were infected with 10-fold dilutions of virus. After adsorption for 1 h at 37°C, the inoculum was removed, and cells were overlaid with medium containing 1.5% SeaPlaque GTG agarose (FMC Bioproducts) and incubated at 37°C for 3 days or until plaques were visible. Agarose plugs were removed, and plaques were visualized by staining with crystal violet in 70% methanol for 15 min.
Plasmid constructs and site-directed mutagenesis. Plasmid pVVNADL was used as the parental plasmid for all cloning and was generously provided by Ruben Donis (University of Nebraska). pVVNADL contains a full-length genomic cDNA clone of BVDV (NADL strain) capable of generating RNA transcripts which are infectious in vivo (38) . Nucleotides encoding the helicase/ NTPase domain of NS3 (amino acids 1853 to 2362) were amplified using PCR with primers which added BglII and HindIII sites to the 5Ј and 3Ј ends, respectively. The BglII-to-HindIII PCR fragment was then cloned into the BamHI and HindIII sites of pET-21b(ϩ) (Novagen) to create pET-21bHB.
pACCX, a derivative of pACYC177, was constructed by adding a polylinker sequence containing cleavage sites for the restriction enzymes ClaI, SalI, XmaI, ApaLI, and XbaI into AatII-and StuI-digested pACYC177 (5a). The BVDV complete genomic cDNA from pVVNADL was cloned into pACCX in three steps. First, the 5.6-kb ClaI-SalI fragment of the 5Ј ends of the BVDV genome was cloned into the ClaI-and SalI-digested pACCX to generate pACCX5.6. Then the SalI-XbaI fragment containing the 3Ј end of the genome was cloned into pACCX5.6 to create pACCX5.6ϩ2.7. Finally, the BVDV internal 4.3-kb SalI fragment was ligated to SalI-digested pACCX5.6ϩ2.7 to generate pACCX-BVDV. The polylinker in pACCX is positioned such that the BVDV genomic cDNA was oriented in an opposite direction from that of transcription of the ampicillin resistance gene. The 4.3-kb SalI fragment of pVVNADL was also cloned into the SalI site of pUC19 to generate pSal. For mutagenesis, the BglII-to-Tth111I fragment of BVDV containing the NS3 region from pSal was subcloned into pUC19 to generate pD2.2. PCR-based mutagenesis was performed using pD2.2 as a template and the QuickChange site-directed mutagenesis kit (Stratagene) as per the manufacturer's instructions. To create the GKTto-GAT mutation, the following oligonucleotides were used: 5Ј-CTTTGGCAA CAGGGGCAGGCGCCACCACAGAACTCCCAAA-3Ј and 5Ј-TTTGGGAG TTCTGTGGTGGCGCCTGCCCCTGTTGCCAAAG-3Ј. This mutation introduced a novel KasI site (underlined). Likewise, the oligonucleotides 5Ј-CA TATTCTTAGATGAATACGCGTGTGCCACTCCTGAACAA-3Ј and 5Ј-TTG TTCAGAGTGGCACACGCGTATTCATCTAAGAATATG-3Ј were used to make the DEYH-to-DEYA mutation and to introduce a novel MluI site. To make a deletion mutation in motif VI, two oligonucleotides (5Ј-CCTTAAGAG GATG-3Ј and 5Ј-CCGGCATCCTCTTAAGG-3Ј) were annealed and used to replace the StuI-XmaI fragment in pD2.2, resulting in a net loss of 54 bp. The sequence of all mutations was confirmed by restriction digest analysis and DNA sequencing. The mutations in NS3 were then transferred to plasmid pSal by replacing the wild-type BglII-to-Tth111I fragment in pSal with the BglI-toTth111I fragments from pD2.2 containing the various mutations. The mutations were transferred to the complete BVDV genomic cDNA by excising the SalI fragments from the NS3 mutations in pSal and ligating them to SalI-digested pACCX5.6ϩ2.7 in parallel with the wild-type SalI fragment. A mutation in which the GDD catalytic motif of the NS5B region was mutated to GAA was also made. All clones were confirmed using DNA sequencing and restriction digest and PCR analysis. For riboprobes, the NS4A region of BVDV was amplified by PCR using primers which added EcoRI and XbaI sites to the 5Ј and 3Ј ends. The resulting fragment was then cloned into the EcoRI and XbaI sites of pGEM-4Z (Promega) to generate plasmid pGEM0.2.
Expression and purification of BVDV NS3 helicase domain. To express the wild-type and mutant forms of the BVDV helicase/NTPase domain, Escherichia coli strain BL21 (DE3) was transformed with either pET-21bHB or pET-21bHB encoding the mutant forms of the BVDV helicase domain. A single transformant was used to inoculate Luria-Bertani broth. Mid-log-phase cultures were induced by the addition of 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) and grown at 37°C for 3 h. Cells were pelleted, resuspended, and sonicated in buffer containing 20% glycerol, 20 mM Tris-HCl (pH 7.9), 500 mM NaCl, 0.1% Triton X-100, 50 g of lysozyme per ml, and a protease inhibitor cocktail (Complete tablets without EDTA; Roche Molecular Biochemicals) at 4°C, followed by centrifugation. The BVDV helicase was purified from the clarified supernatant by using Ni-nitrilotriacetic acid affinity chromatography on a Talon column (Clontech). The eluted protein was dialyzed against buffer containing 50 mM HEPES (pH 7.5), 20% glycerol, 0.1 mM dithiothreitol, and 1 mM MgCl 2 . Total protein concentration was determined using the Bio-Rad protein assay.
Antisera, sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, and Western blotting. A synthetic peptide corresponding to amino acids 2180 to 2197 of the BVDV (NADL strain) polyprotein was coupled to keyhole limpet hemocyanin and used to immunize New Zealand White rabbits. This antiserum (512) immunoreacts with an 80-kDa protein present in BVDV-infected MDBK cells but absent in uninfected MDBK cells (data not shown). Antibody to the hexahistidine tag (H-15) was obtained from Santa Cruz Biotechnology or Clontech.
RNA helicase and ATPase assays. ATPase assays were performed using a malachite green colorimetric assay as previously described (21) . Briefly, dilutions of enzyme were added to buffer containing 10 mM Tris (pH 7.5), 100 mM NaCl, 10 mM MgCl 2 , 1 mM dithiothreitol, and 1 mM ATP in a final volume of 50 l. After incubation for 1 h at 37°C, the reactions were terminated by the addition of 75 l of a solution comprised of three parts malachite green (0.45 g/liter; Sigma) and one part ammonium molybdate (42 g/liter in 4 M HCl; Sigma) which had been previously mixed for 30 min at room temperature. The reaction was allowed to develop for 5 min, and then the optical density was read at a wavelength of 670 nm.
RNA helicase assays were performed as previously described (41) with the following modifications. A 28-mer oligoribonucleotide, 5Ј-GGGAGACCGGCC UCGAGCAGCUGAAGCU-3Ј, was synthesized and 5Ј-end labeled using [␥-
32 P]ATP and T4 polynucleotide kinase. This labeled 28-mer was annealed to a 41-mer oligoribonucleotide (5Ј-UCGAAGAGAAGCUGCUCGAGGCCGG UCUCCCAGAGAGAG-3Ј) to create the substrate. Helicase reactions were performed in 10 l of buffer having a final constitution of 50 mM HEPES-KOH (pH 6.5), 6 mM ATP, 3 mM MgCl 2 , and 10% glycerol, with 0.2 nM 28-mer RNA annealed to 0.4 nM 41-mer RNA, and 0.1 g of BVDV helicase. Reaction mixtures were incubated for 30 min at 37°C, and reactions were terminated by the addition of 2.5 l of 5ϫ RNA sample buffer (100 mM Tris-HCl [pH 7.5]), 50 mM EDTA, 0.1% Triton X-100, 0.5% SDS, 50% glycerol, 0.1% bromophenol blue). Mixtures were electrophoresed on 6% polyacrylamide (1ϫ Tris-borate-EDTA) gels at 100 V. Gels were dried and autoradiographed.
In vitro transcription reactions. Plasmids pACCX-BVDV and the NS3 mutant constructs, pCLK, pCLM21, and pCL⌬21, were digested to completion with SacII, extracted with phenol-chloroform and precipitated with ethanol, and used as templates for in vitro transcription by T7 RNA polymerase. In vitro transcription was performed with 1 g of linearized DNA template in 20 l by using a T7-MEGAscript kit (Ambion). To determine the RNA quality, parallel reactions were performed with the addition of traces of [␣-32 P]UTP. After incubation of the reaction at 37°C for 5 h, the DNA template was digested with RNase-free DNase I (2 U) for 30 min at 37°C. The reaction mixture was then extracted twice with acid phenol (Ambion), and the RNA was precipitated with ethanol. Formaldehyde denaturing agarose gel analysis was performed on RNA that had been labeled with [␣-32 P]UTP to monitor the quality of transcription. Transfection of bovine cells. MDBK or EBTr cells were electroporated as previously described (38) with minor modifications. Briefly, trypsinized monolayers were washed twice with serum-free medium, resuspended in serum-free medium at a concentration of 5 ϫ 10 6 cells/ml, and stored on ice. Two hundred microliters of the cell suspension was added to a chilled 0.2-cm-gap cuvette containing 5 g of RNA transcripts and electroporated with a double pulse charge using a Bio-Rad electroporation unit on a setting of 280 V and 125 F. Cuvettes were placed on ice for 1 min, 5 ml of complete medium was added, and the cells were transferred to the incubator in a T25 flask and monitored for the appearance of CPE (3 to 4 days). Supernatants were removed on day 4, and titers were determined by plaquing on MDBK cells.
RNase protection assays. RNase protection assays were performed as previously described (4, 45) with slight modifications. Plus-strand RNA probes were generated by in vitro transcription of pGEM0.2 DNA which had been linearized with XbaI using SP6 RNA polymerase followed by digestion with RNase-free DNase. Minus-strand RNA probes were generated by in vitro transcription of pGEM0.2 DNA which had been linearized with EcoRI using T7 RNA polymerase followed by digestion with RNase-free DNase. Cytoplasmic RNA or total RNA was prepared at different times after transfection by using the TRIzol Reagent according to the protocol supplied by the manufacturer (Gibco BRL). For RNase protection assay, an RNase protection assay kit (RPA-II; Ambion) was used. Briefly, 2 g of total RNA was mixed with 4.5 ϫ 10 4 cpm of labeled probe in 20 l of hybridization buffer (80% formamide, 100 mM sodium citrate [pH 6.4], 300 mM sodium acetate [pH 6.4], 1 mM EDTA), denatured at 95°C for 5 min, and allowed to hybridize overnight at 42°C. Unhybridized RNAs were degraded by adding 0.5 U of RNase A and 20 U of RNase T 1 to the hybridization mixture and incubating the mixture at 37°C for 30 min. Protected RNA was then precipitated, resuspended in 10 l of loading buffer, and electrophoresed on a 1ϫ Tris-borate-EDTA-6% urea sequencing gel. The gel was dried onto 3M paper and exposed to film.
RESULTS

Expression of BVDV NS3 helicase domain.
To examine the effects of mutations on the biochemical properties of the BVDV NS3 protein, the helicase domain of the NS3 region of the BVDV genomic cDNA (corresponding to amino acids 1854 to 2362 of the BVDV [NADL strain] polyprotein) was amplified using PCR and cloned into a bacterial expression vector. This protein was engineered such that the T7 epitope tag was added to the amino terminus and a hexahistidine tag was added to the carboxy terminus (Fig. 1A) . Point and deletion mutations were generated in the helicase domain in three motifs known to be critical for helicase/NTPase activity. The lysine residue in the Walker motif A (GKT in BVDV) which binds the terminal phosphate groups of the NTP cofactor (39) was changed to an alanine (GAT). The histidine residue in the Walker motif B (DEYH in BVDV) responsible for coordinating the Mg 2ϩ of the Mg-NTP complex (39) was changed to an alanine (DEYA). A similar change was shown to dissociate helicase and NTPase activities in the HCV NS3 helicase (15) . A deletion of 18 residues (residues 2174 to 2190 of the polyprotein) encompassing motif VI (QRRGRVGR) was also constructed. All proteins were expressed in bacteria, purified using Ni-nitrilotriacetic acid affinity chromatography, and analyzed on SDS-containing polyacrylamide gels by Coomassie blue staining (Fig. 1B) . Proteins were approximately 85 to 90% pure except for the deletion mutant. Difficulty was encountered in purifying this protein to similar levels of purity. As shown in Fig. 1C , all proteins were recognized by the mono- Western blot analysis of the purified BVDV NS3 helicase domain proteins expressed in bacteria. Purified proteins were analyzed by SDS-polyacrylamide gel electrophoresis followed by Western blotting with either a rabbit polyclonal antipeptide antiserum (␣-NS3 Ab) raised against BVDV residues 2180 to 2197 or a monoclonal antibody against the hexahistidine affinity tag (Clontech) (␣-His-tag Ab). Positions of molecular mass markers are indicated. aa, amino acid.
clonal antibody against the hexahistidine tag. Additionally, the identity of the proteins as NS3 was confirmed using a BVDV NS3 antipeptide-specific antiserum raised against residues 2180 to 2196 of the BVDV polyprotein (Fig. 1C) . This antipeptide antiserum recognizes all the recombinant proteins except the deletion mutant which lacks the antiserum epitope (Fig. 1C) .
Separation of the ATPase and RNA helicase activities of the BVDV NS3 helicase domain. The ATPase activities of the wild-type and mutant BVDV NS3 helicase domain proteins were tested using a colorimetric assay (21) . Equal amounts of protein as determined by Coomassie blue staining and Western blotting were titrated (between 1 and 16 ng of NS3 protein), and the resulting ATPase activities are shown ( Fig. 2A) . As expected, mutation of the Walker motif A and deletion of motif VI abolished ATPase activity. Moreover, mutation of Walker motif B had no major effect upon ATPase activity compared to wild type. This finding is in agreement with results obtained with the HCV NS3 protein (15) .
The RNA helicase activity of the wild-type and mutant NS3 proteins was tested using a gel-based RNA duplex unwinding assay. Again, equal amounts of protein were used, and the resulting RNA helicase activities are shown in Fig. 2B . As expected, mutation of the Walker motif A abolished RNA helicase activity (Fig. 2B, lanes 3 and 4) compared to the wild-type protein. Mutation of Walker motif B or deletion of motif VI greatly reduced helicase activity (Fig. 2B, lanes 5 to  8) . These results confirm that ATPase activity is essential for RNA helicase activity and notably demonstrate that the NTPase and RNA helicase activities of the BVDV NS3 protein can be functionally uncoupled by a mutation in the Walker motif B.
The BVDV NS3 helicase and NTPase activities are essential for BVDV replication. To test the essentiality of the BVDV NS3 NTPase/RNA helicase activities for virus replication, these point and deletion mutations were transferred into an infectious cDNA for BVDV (NADL strain) (38) . To overcome plasmid stability issues and the difficulties in introducing the mutations in pVVNADL, we transferred the viral genome to a low-copy-number vector, pACCX. The orientation of the BVDV genome was such that transcription is in the opposite direction from that of the ampicillin resistance gene. Repeated attempts to make a construct containing the BVDV genomic cDNA in the reverse orientation failed. To minimize the possibility of mutations introduced by PCR mistakes, we used a small plasmid, pD2.2, as the template for mutagenesis, after which the insert region was sequenced in its entirety. The mutagenized fragment was then transferred back into the fulllength genomic cDNA as described in Materials and Methods. Plasmid pCLK contains the BVDV genomic cDNA with the GKT-to-GAT mutation in Walker motif I of NS3. Plasmid pCLM21 contains the BVDV genomic cDNA with the DEYHto-DEYA mutation in Walker motif II of NS3. Plasmid pCL⌬21 contains the BVDV genomic cDNA with the deletion in Walker motif VI of NS3. Full-length genomic RNA transcripts were generated by in vitro transcription of SacII-linearized DNA from either wild-type or mutant DNAs using T7 RNA polymerase. To monitor the production of full-length transcripts during the transcription reaction, a portion of the RNA transcripts from the reaction were labeled with traces of [␣- 32 P]UTP and analyzed on denaturing agarose gels (Fig. 3) . The mutant genomes and the wild-type genome were transcribed equally well. These transcripts were then transfected into either EBTr or MDBK cells. Cells were monitored for the production of infectious virus as evidenced by the development of CPE. Transfection with wild-type BVDV genomic RNA transcripts, derived from either pACCX-BVDV or parental plasmid pVVNADL, consistently produced approximately 2 ϫ 10 6 PFU/ml of culture supernatant. However, repeated transfection with the NS3 mutant BVDV genomic RNA transcripts failed to yield infectious virus (Table 1) . Even when the cultures were passaged for up to 2 weeks after transfection, CPE was never observed, strongly suggesting that the NTPase/RNA helicase activity of NS3 is required for viral replication. To rule out the possibility that the NS3 mutations had somehow affected either translation or polyprotein processing, the RNA transcripts from either wild type (Fig. 4 , lane pACCX-BVDV) or NS3 mutants (Fig. 4, lanes pCLK and pCLM21) were used to program a rabbit reticulocyte lysate extract in the presence of [ 35 S]methionine. All RNA transcripts produced similar levels of a 20-kDa protein corresponding to Npro, indicating that the translational efficiency of the genome was not affected by the NS3 mutations.
The BVDV NS3 helicase and NTPase activities are required for efficient minus-strand synthesis. Since BVDV can also exist as a noncytopathic form, it was critical to determine if the mutations in NS3 made the virus noncytopathic. RNase protection assays using plus-or minus-strand-specific probes were used to examine the level of RNA replication. As an additional negative control, the wild-type BVDV genomic cDNA was truncated near the amino terminus of the NS5B region, thereby deleting most of NS5B and the 3Ј NTR. To test the specificity of the plus-and minus-strand probes, in vitro-transcribed wild-type BVDV genomic plus-strand RNA was used as a positive control (Fig. 5A, lanes 15 and 16) , and yeast tRNA was used as a negative control (Fig. 5A, lanes 3 and 4) . Total RNA was harvested 72 h posttransfection. Unlike transfections with the wild-type BVDV genomic RNA transcripts (Fig. 5A , lane 5), no fully protected RNA band was observed with any of the NS3 mutants (Fig. 5A, lanes 9 to 14) or the NS5B/3Ј NTR deletion (Fig. 5A, lane 7) , indicating that the input RNA from the NS3 mutants was degrading with time. In contrast to the wild type, the level of detectable input plus-strand RNA of the NS3 mutants decreased with time, indicating a lack of sustainable RNA replication (data not shown). Furthermore, only with wild-type BVDV was a band corresponding to the minus strand readily observed (Fig. 5A, lane 6) . To more closely examine the level of minus-strand RNA synthesis, a more sensitive modified RNase protection assay was used. As an additional negative control, a double point mutation was generated in the conserved catalytic GDD motif of the NS5B RNA polymerase (GDD changed to GAA). MDBK cells were transfected with RNA transcripts derived from either the wild-type, NS5B double point mutant, or NS3 mutant template DNAs. Twenty-four hours posttransfection, cytoplasmic RNAs were harvested and subjected to a cycle of hybridization and RNase treatment without an external probe as previously described (4, 26) . This was followed by hybridization with a minus-strand-specific probe and RNase treatment. This procedure has been shown to increase the sensitivity of minus-strand RNA detection by reducing the background signal of excess plus-strand RNA derived from the transfected input plus-strand or disproportionate plus-strand synthesis. Using this modified procedure, we could easily detect minusstrand synthesis by the wild-type BVDV transcript (Fig. 5B , lane 4) 24 h posttransfection. However, we could not detect any level of minus-strand RNA synthesis by either the NS5B double point mutant (Fig. 5B, lane 8) or any of the NS3 mutants (Fig. 5B, lanes 5 to 7) . The specificity of the minusstrand probe was shown by its lack of hybridization with RNA derived from either uninfected MDBK cells (Fig. 5B, lane 3) , yeast tRNA (Fig. 5B, lane 2) , or mouse liver (Fig. 5B, lane 1) . Taken together, these results indicate that the NTPase/helicase activity of the BVDV NS3 protein is essential for the synthesis of minus-strand RNA.
We have attempted to rescue our NS3 mutants using a variety of methods (cotransfection with NS5B mutant RNA transcripts, cotransfection with NS3 expression plasmids, etc.) to supply NS3 in trans; however, we have never been successful using any method (data not shown).
DISCUSSION
Although most plus-strand RNA viruses either have proteins which contain helicase/NTPase motifs or have been shown to encode helicase/NTPase activity, the function of these activities in the life cycle of the virus is unknown. The data presented here show that, for BVDV, these functions encoded by the NS3 protein are absolutely essential for the synthesis of minusstrand RNA, and thus the production of infectious virus particles. While our results demonstrate the essentiality of the NS3 NTPase/helicase function of NS3 for minus-strand RNA synthesis, they do not reveal anything about the mechanism or role these activities play in minus-strand synthesis. Possibly, the helicase activity is needed to unwind the secondary structures present in the 3Ј NTR to allow initiation by NS5B or to facilitate the processivity of NS5B during elongation by unwinding secondary structures within the coding region. Fur- thermore, since the NTPase activity is absolutely required for helicase activity, we cannot rule out the possibility that NTP hydrolysis independent of nucleic acid unwinding may play some role in the viral life cycle. Indeed, although the NTPase activity of the HCV NS3 helicase domain is greatly stimulated by single-stranded nucleic acid, the protein still possesses a rather high intrinsic NTPase activity in the absence of nucleic acid (27) , unlike other helicases such as bacterial Rep protein.
The function of the unstimulated NTPase activity is unknown, although it alone is not sufficient to support minus-strand synthesis.
It is possible that the NS3 NTPase/helicase activity may play additional roles in steps subsequent to minus-strand synthesis, such as release of newly synthesized plus-strand RNA from the minus strand or RNA packaging. However, since minus-strand synthesis is the first step in the synthesis of RNA for the production of progeny virions, we were not able to examine any of these possibilities with the NS3 knockout mutants. Temperature shift experiments with a temperature-sensitive mutation in NS3 would be very useful for investigating these possibilities.
We have used mutational analysis to demonstrate that the NS3 NTPase/helicase activities of the BVDV NS3 protein can be uncoupled and that both of these activities are essential for the synthesis of minus-strand RNA and subsequently the production of infectious virus.
Although the NTPase/helicase motifs represent some of the most highly conserved motifs throughout all the plus-stranded RNA viruses, little is known about their function in the life cycle of these viruses. The 2C protein of poliovirus has been shown to possess NTPase activity (29) . Furthermore, certain 2C mutations are lethal due to a lack of viral RNA synthesis (5, 22, 36) ; however, 2C has not yet been shown to encode helicase activity. This is the first demonstration that the RNA helicase activity of any plus-strand RNA viral protein is essential for minus-strand synthesis and virus growth.
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